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We present neutrino cross sections on 13C. The charged-current cross sections leading to various
states in the daughter 13N and the neutral-current cross sections leading to various states in the
daughter 13C are given. We also provide simple polynomial fits to those cross sections for quick
estimates of the reaction rates. We briefly discuss possible implications for the current and future
scintillator-based experiments.
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I. INTRODUCTION
Neutrino cross sections on 12C are extensively studied since many liquid scintillators and liquid track detectors
proposed or currently used for neutrino experiments are based on various carbon compounds. The natural abundance
of 13C is 1.07%, hence a sizable detector would already contain a substantial amount of this isotope. As the neutrino
physics moves to the precision stage, it is becoming more important to have a more precise knowledge of neutrino
cross sections on 13C. Motivated by a proposal to use a 13C-enriched target as a solar neutrino detector [1], this
reaction was first investigated in the early 1990’s [2] both in the shell model using Cohen-Kurath wave functions [3]
and using the effective operator method [4]. Ground-to-ground state transition and inclusive cross sections were also
worked out in Refs. [5] and [6], respectively.
Currently, three reactor experiments using scintillators, Daya Bay [7], Double Chooz [8], and RENO [9], have the
primary goal of measuring the third neutrino mixing angle, θ13. There may be opportunities to do other physics
with these detectors. For example to test the original neutrino-antineutrino oscillations of Pontecorvo [10], i.e to look
for the appearance of electron neutrinos in the reactor antineutrino flux, naturally occurring 13C in the scintillators
may be an attractive target. Note that the threshold for both electron neutrino and electron antineutrino charged-
current scattering on 12C is slightly more than ∼ 13 MeV, beyond the reach of reactor neutrinos. Similarly, electron
antineutrino charged-current scattering threshold for 13C is also slightly more than ∼ 13 MeV, again beyond the reach
of reactor neutrinos. Hence 13C is an attractive target to detect very low-energy neutrinos. In this case, the only
background is 8B solar neutrinos as geoneutrinos are all electron antineutrinos. Utility of scintillators to reconstruct
supernova neutrino spectra has recently been discussed [11]. If there is a supernova explosion during the operation of
any scintillator-based experiment, 13C may again be useful to sort out fluxes of various flavors. There also are new
proposals such as Low Energy Neutrino Observatory (LENA) [12] to build scintillator-based multipurpose neutrino
observatories. To help these applications, we present an updated calculation of the neutrino cross sections on 13C.
We present our method of calculations in the next section. Section III includes our results for partial cross sections
given in different forms with an eye towards aiding designs of future experiments. We conclude the paper in Section
IV with a few brief remarks.
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2II. METHOD OF CALCULATIONS
A new shell-model Hamiltonian for p-shell nuclei, SFO[13], is used to evaluate neutrino cross sections on 13C. With
this new Hamiltonian the magnetic properties of p-shell nuclei are considerably improved, for example, in calculating
magnetic moments and Gamow-Teller transitions compared to conventional Hamiltonians such as Cohen-Kurath (CK)
Hamiltonian [3]. Here, we study neutrino-nucleus reactions, which are induced mainly by excitations of Gamow-Teller
and spin-dipole states.
The SFO Hamiltonian, which was constructed for use in the p-sd shell configurations including up to 2-3 h¯ω exci-
tations, can describe well the magnetic moments of p-shell nuclei systematically and Gamow-Teller (GT) transitions
in 12C and 14C with a small quenching for spin g-factor and axial-vector coupling constant: i.e., geffA /gA = g
eff
s /gs
=0.95. In SFO, the spin-isospin components of the interaction, that is, the monopole term of the 0p1/2-0p3/2 orbits
in isospin T =0 channel is enhanced as compared to the conventional interactions.
Neutrino-nucleus reaction cross sections are evaluated using the multipole expansion of the weak hadronic currents,
JC∓µ = J
V∓
µ + J
A∓
µ (II.1)
for charge-exchange reactions (ν, `−) and (ν¯, `+), and
JNµ = J
A3
µ + J
V3
µ − 2sin2θWJγµ (II.2)
for neutral-current reactions, (ν, ν’) and (ν¯, ν¯’), where JVµ and J
A
µ are vector and axial-vector currents, respectively,
and Jγµ is the electromagnetic current with θW being the Weinberg angle.
The reaction cross sections induced by ν or ν¯ are given as follows [14]:(
dσ
dΩ
)
ν
ν¯
=
G2k
4pi2
4pi
2Ji + 1
{
∞∑
J=0
{(1 + ~ν · ~β)
| 〈Jf ‖MJ ‖ Ji〉 |2 +[1− νˆ · ~β + 2(νˆ · qˆ)(qˆ · ~β)]
| 〈Jf ‖ LJ ‖ Ji〉 |2 −qˆ · (νˆ + ~β)2Re〈Jf ‖ LJ ‖ Ji〉
〈Jf ‖MJ ‖ Ji〉∗}+
∞∑
J=1
{[1− (νˆ · qˆ)(qˆ · ~β)]
(| 〈Jf ‖ T elJ ‖ Ji〉 |2 + | 〈Jf ‖ TmagJ ‖ Ji〉 |2
±qˆ · (νˆ − ~β)2Re[〈Jf ‖ TmagJ ‖ Ji〉
〈Jf ‖ T elJ ‖ Ji〉∗])} (II.3)
where ~ν and ~k are the neutrino and lepton momenta, respectively. In Eq. (II.3),  is the lepton energy, ~q = ~k − ~ν,
~β = ~k/, νˆ = ~ν/ | ~ν |, and qˆ = ~q/ | ~q |. For the charged-current reactions G = GF cosθC with GF being the Fermi
coupling constant, and θC is the Cabibbo angle. In this case, the label lepton refers to either the electron or the
positron. For neutral current reactions, G = GF and the lepton is scattered neutrino. To describe the final-state
interactions, cross sections are multiplied by the Fermi function in case of the charge-exchange reactions. In Eq.
(II.3), MJ , LJ , T
el
J and T
mag
J are Coulomb, longitudinal, transverse electric and magnetic multipole operators for the
vector and axial-vector currents.
The improvement achieved by the new Hamiltonian, SFO, is demonstrated in Figure 1, where calculated cross
sections for the exclusive neutrino-induced reaction 12C (ν, e−) 12N (1+g.s.) for the SFO and CK type
1 Hamiltonians
are shown. Since the GT strength in 12C is well described by the SFO Hamiltonian [17], the cross sections obtained
using the SFO Hamiltonian naturally reproduce the experimental data [18] very well. To explore this feature of the
SFO Hamiltonian, the cross sections calculated using it were applied to the calculation of the abundances resulting
from neutrino-process nucleosynthesis in core-collapse supernovae in order to discuss the effects of neutrino oscillation
on the light element synthesis [19].
Calculated B(GT ) and B(M1) values in 13C are given in Table I. The values with the SFO Hamiltonian are obtained
in the p-sd shell including up to 2h¯ω excitations with geffA /gA =0.95, while those for the CK Hamiltonian are obtained
1 In this particular case we use the so-called PSDMK2 Hamiltonian [15, 16].
3FIG. 1: Cross sections for the exclusive reaction, 12C (νe, e
−) 12N (1+g.s.), obtained by shell-model calculations with the use of
SFO and PSDMK2. Experimental data are taken from ref. [18].
within the p-shell with a larger quenching factor, geffA /gA =0.69[2], which is adjusted to reproduce the experimental
B(GT ) values of 13N(β+)13C, 15O(β+)15N and 11C(β+)11B. The SFO Hamiltonian can explain the experimental GT
strength for the transition to 13N (3/2−, 3.50 MeV) rather well. This transition is of interest as it may be possible
to measure the γ decay from 13N. The B(M1) value for 13C (3/2−, 3.68 MeV) → 13C (1/2−g.s.) obtained by the SFO
Hamiltonian is also found to be close to the experimental value. Here, the isovector spin g factor is gIV,effs /g
IV
s =0.95
and δgIV` is taken to be -0.15.
4B(GT : 13C → 13N) SFO CK[2] EXP.
13N Jpi Ex (MeV)
1/2− 0.0 0.284 0.420 0.411±0.004[20]
0.398±0.008[21]
1/2− 8.92 0.569 0.524
3/2− 3.50 2.103 2.14 1.64±0.10[21]
3/2− 9.46 0.500 0.260
B(M1) (µ2N )
13C (3/2−: 3.68 MeV) → 13C (1/2−g.s.) 0.878 1.17[1] 0.698±0.072
TABLE I: B(GT ) and B(M1) values in 13C obtained by shell-model calculations with the SFO and CK [2] Hamiltonians as
well as the experimental ones.
III. RESULTS
We present the charged-current neutrino reaction cross sections on 13C target leading to a particular state in 13N
in three different formats. Figure 2 displays these cross sections graphically for reactions leading to the ground state
(1/2−, solid line), as well as to the 1/2+ (Ex= 2.365 MeV, dotted line), 3/2− (Ex=3.502 MeV, dashed line), and the
5/2− (Ex=7.376 MeV, dot-dashed line) states in 13N. (Energy levels the 13C and 13N nuclei included in this work
are shown in Figure 3). Clearly the dominant contributions come from the transitions to the ground state and to the
3.502 MeV excited state in the daughter nucleus. We present those two cross sections in tabular form in Tables II
and III, respectively.
Sometimes it is convenient to have an analytical form for the cross sections to do quick estimates for counting rates.
Although the cross sections grow like ∼ E2 at higher energies, because of the energy-dependence of the nuclear matrix
elements, the energy-dependence of the cross sections near the reaction threshold energies is more intricate. We find
that the power series expansion
σ = 10−44cm2[a1(Eν −Q) + a2(Eν −Q)2 + a3(Eν −Q)3], (III.1)
where Q is the Q-value of the reaction in MeV, is sufficiently accurate within few percent. In Table IV we present
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FIG. 2: Partial cross sections for the reaction, 13C (νe, e
−) 13N, leading to various excited states in the daughter nucleus. The
solid line is for the ground state. The dotted, dashed and dot-dashed lines are for the 2.365 MeV, 3.502 MeV, and 7.376 MeV
excited states in 13N, respectively.
5Eν(MeV) σ (cm
2) Eν(MeV) σ (cm
2) Eν(MeV) σ (cm
2)
2.3 2.00× 10−45 7.0 6.62× 10−43 12.0 2.73× 10−42
2.5 5.66× 10−45 7.5 8.07× 10−43 12.5 3.02× 10−42
3.0 2.25× 10−44 8.0 9.65× 10−43 13.0 3.31× 10−42
3.5 5.23× 10−44 8.5 1.14× 10−42 13.5 3.62× 10−42
4.0 9.60× 10−44 9.0 1.33× 10−42 14.0 3.94× 10−42
4.5 1.54× 10−43 9.5 1.53× 10−42 14.5 4.27× 10−42
5.0 2.27× 10−43 10.0 1.74× 10−42 15.0 4.62× 10−42
5.5 3.14× 10−43 10.5 1.97× 10−42 15.5 4.98× 10−42
6.0 4.16× 10−43 11.0 2.21× 10−42 16.0 5.35× 10−42
6.5 5.32× 10−43 11.5 2.47× 10−42 16.5 5.73× 10−42
TABLE II: Cross sections for the charged current reaction 13C (νe, e
−) 13N leading to the 1/2− (ground) state (with excitation
energy 0.0 MeV).
Eν(MeV) σ (cm
2) Eν(MeV) σ (cm
2) Eν(MeV) σ (cm
2)
5.8 1.22× 10−44 9.5 1.12× 10−42 13.5 4.22× 10−42
6.0 3.01× 10−44 10.0 1.39× 10−42 14.0 4.76× 10−42
6.5 9.35× 10−44 10.5 1.70× 10−42 14.5 5.32× 10−42
7.0 1.87× 10−43 11.0 2.05× 10−42 15.0 5.91× 10−42
7.5 3.11× 10−43 11.5 2.42× 10−42 15.5 6.54× 10−42
8.0 4.66× 10−43 12.0 2.82× 10−42 16.0 7.19× 10−42
8.5 6.51× 10−43 12.5 ×3.2610−42 16.5 7.88× 10−42
9.0 8.68× 10−43 13.0 3.73× 10−42 17.0 8.60× 10−42
TABLE III: Cross sections for the charged current reaction 13C (νe, e
−) 13N leading to the 3/2− (ground) state (with excitation
energy 3.502 MeV).
the values of the coefficients in Eq. (III.1) for the charged-current cross sections.
One possible application of these cross sections could be to search for electron neutrino appearance in the reactor
antineutrino flux. Ideally one would like to be as close to the reactors as possible much like experiments searching for
the neutrino magnetic moment. However, in this case reactor neutrino flux uncertainties can be sizable. In Figure 4
we show the spread of the count rate for the charged-current transition to the 13N ground-state due to variations in
5/2−
1/2+
3/2−
1/2−
13N
5/2−
5/2+
3/2−
1/2+
1/2−
13C
FIG. 3: States of the 13C and 13N nuclei included in this work.
613N state Ex (MeV) Q (MeV) a1 (MeV
−1) a2 (MeV−2) a3 (MeV−3)
1/2− 0 2.2 0.16 2.86 0.00
1/2+ 2.365 4.59 6.50× 10−2 1.20× 10−2 1.26× 10−3
3/2− 3.502 5.72 6.20 6.13 0
5/2− 7.376 9.60 1.59× 10−3 −7.68× 10−4 1.07× 10−3
TABLE IV: Parameter values in Eq. (III.1) for the cross sections of the charged-current reaction 13C (νe, e
−) 13N going to the
indicated state in 13N.
various reactor neutrino spectrum models as a function of the neutrino energy. (We use the models of the Refs. [22],
[23], and [24] to illustrate the spread). We assume an ideal experiment with perfect energy resolution. The actual
count rate will depend on the number of electron neutrinos present, but clearly there is a factor of two variation in the
rate due to the uncertainties of the flux. (This is also true for the energy-integrated count rate, which is between 5.20
and 13.02 in the same arbitrary units). One possible way to reduce such uncertainties is to use much more abundant
electron antineutrinos to estimate the reactor flux. This can be achieved using neutral-current scattering. Hence we
also provide the neutral current cross sections below.
Electron antineutrino neutral-current cross sections for exciting various states in the daughter 13C are shown in
Figure 52. In this figure cross sections for the excitation of the 3.089 MeV 1/2+ state (solid line), the 3.685 MeV 3/2−
state (dashed line), the 3.857 MeV 5/2+ state (dot-dashed line) and the 7.547 MeV 5/2− state (long-short dashed
line) in 13C are shown. Clearly excitation of the 3.685 MeV 3/2− state dominates the neutral current scattering. We
also fitted the neutral-current cross sections to the power series expansion in Eq. (III.1). Q-values in this expression
are simply the excitation energies in the daughter nucleus (13C). The resulting parameter values are given in Table
V.
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FIG. 4: An illustration of the spread of the electron neutrino count rate with different reactor neutrino flux models for the
charged-current transition to the 13N ground-state. Models of the Refs. [22], [23], and [24] are used.
2 Note that cross sections for (νe, ν′e) are not much different from those for (ν¯e, ν¯′e); they are larger only by about 2%, 5%, 8% at Eν =
5, 10 and 15 MeV, respectively.
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FIG. 5: Partial cross sections for the reaction, 13C (ν¯e, ν¯
′
e)
13C, leading to various excited states in the daughter nucleus. The
solid, dashed, dot-dashed (smallest cross section), and long-short dashed lines are for the excitation of 3.089 MeV, 3.685 MeV,
3.854 MeV and 7.547 MeV excited states in the 13C, respectively.
IV. CONCLUSIONS
In this article, we presented the charged-current neutrino cross sections on 13C leading to various states in the
daughter 13N and the neutral-current neutrino cross sections on the same nucleus leading to various states in the
daughter 13C. To aid quick estimates of the reaction rates we also provided simple polynomial fits to those cross
sections, accurate within three to four percent. A knowledge of these cross sections would help scintillator-based
searches for low-energy electron neutrinos in environments dominated by the electron antineutrinos, such as nuclear
reactors. In addition, it was pointed out that neutrino-proton elastic scattering in scintillator detectors would help
measure total neutrino fluxes [25], especially for the neutrinos coming from a core-collapse supernova [11]. Knowledge
of the electron neutrino-13C cross sections would also help to sort out the backgrounds for such a task. Although
neutrino burst from neutralized supernova core-collapse provides a remarkable flux of electron neutrinos, the significant
fraction of these neutrinos at the energies above 14 MeV would induce both charged and neutral current interactions
with 12C, masking a signal from 13C we discussed in this article. It is also a challenge to experimentally separate the
first few dozens of microsecond of electron neutrino burst from the flux of thermalized neutrinos of three flavors and
their antiparticles.
State Ex (MeV) a1 (MeV
−1) a2 (MeV−2) a3 (MeV−3)
1/2+ 3.089 6.80× 10−3 8.80× 10−4 4.00× 10−4
3/2− 3.685 0.122 1.26 0
5/2+ 3.854 9.83× 10−3 -3.38× 10−3 4.54× 10−4
5/2− 7.547 0.596 -0.56 0.1
TABLE V: Parameter values in Eq. (III.1) for the cross sections of the neutral-current reaction 13C (ν¯e, ν¯
′
e)
13C going to the
indicated state in the daughter nucleus.
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